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ABSTRACT 


A  simple  I/Q  demodulator  which  can  be  used  to  measure  the  amplitude,  phase  and 
instantaneous  frequency  of  radar  signals  over  a  large  bandwidth  is  investigated  for  electronic 
warfare  applications.  Imbalance  errors  and  DC  offsets  are  minimized  by  the  techniques  of 
component  matching  and  calibration.  A  DFT  technique  is  used  to  characterize  the  imbalances 
and  DC  offsets  and  improved  matching  characteristics  on  practical  wideband  demodulators  are 
also  given. 


RESUME 

Un  demodulateur  en  quadrature  de  phase  simple  pouvant  etre  utilise  pour  mesurer 
l'amplitude,  la  phase  et  la  frequence  instantanee  de  signaux  radar  sur  une  bande  large  est 
examine  pour  des  applications  de  guerre  electronique.  Les  erreurs  dues  au  desequilibre  et  les 
decalages  DC  sont  minimises  par  les  techniques  d'egalisation  des  composantes  et  de  calibrage. 
Une  transformee  de  Fourier  discrete  est  utilisee  pour  caracteriser  les  desequilibres  et  les 
decalages  DC  et  des  caracteristiques  d'egalisation  ameliorees  sont  aussi  donnees  pour  des 
demodulateurs  pratiques  a  large  bande. 
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EXECUTIVE  SUMMARY 


Due  to  the  increasing  density  and  complexity  of  radar  signal  waveforms,  it  is  becoming 
very  difficult  in  electronic  warfare  (EW)  applications  to  sort  out  and  identify  each  radar 
emitter  uniquely  using  conventional  signal  parameters  such  as  pulse  width,  radio  frequency 
(RF),  amplitude  and  pulse  repetition  frequency.  As  a  result,  there  is  a  requirement  for  EW 
receivers  to  measure  precisely  the  modulation  characteristics  of  radar  signals  in  terms  of 
amplitude,  phase  and/or  frequency  parameters.  These  additional  parameters  can  then  be  used  to 
identify  unambiguously  each  type  of  radar  emitter.  With  the  advent  of  fast  analog-to-digital 
(A/D)  converters  and  high-speed  digital  signal  processing  technologies,  it  is  becoming  feasible 
to  develop  digital  microwave  processors  which  can  meet  this  requirement. 

One  of  these  processors  is  the  conventional  in-phase/quadrature  (I/Q)  demodulator 
which  provides  three  attractive  features  for  EW  applications,  namely  (i)  wide  instantaneous 
bandwidth  (ii)  simple  algorithms  for  the  extraction  of  modulation  characteristics  and  (iii)  a 
large  dynamic  range.  However,  commercially  available  conventional  I/Q  demodulators,  are 
known  to  exhibit  relatively  large  amplitude  and  phase  imbalances  and  DC  offsets  which  can 
introduce  large  systematic  errors  to  the  measurement.  Other  digital  approaches  of  directly 
eliminating  the  imbalances  and  DC  offsets  have  also  been  proposed.  However,  with  the  present 
state  of  development  in  both  A/D  converter  and  digital  processor  technologies,  this  simple  I/Q 
demodulator  is  still  very  attractive  for  EW  applications  provided  the  imbalances  and  DC 
offsets  can  be  kept  small. 

In  this  report,  we  have  shown  that  the  imbalances  and  DC  offsets  of  wideband  I/Q 
demodulators  using  "  off-the-shelf  "  components  can  be  greatly  reduced  and  have  excellent 
matching  characteristics.  This  is  achieved  by  using  the  techniques  of  component  matching  and 
through  the  procedure  of  calibration.  A  DFT  technique  is  developed  to  calibrate  and 
characterize  accurately  wideband  I/Q  demodulators  by  using  a  test  signal.  A  number  of 
wideband  I/Q  demodulators  are  evaluated  over  input  signal  power  level,  time  and  temperature 
and  their  characteristics  are  also  reported. 
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1.0  INTRODUCTION 


Due  to  the  increasing  density  and  complexity  of  radar  signal  waveforms,  it  is  becoming 
very  difficult  in  electronic  warfare  (EW)  applications  to  sort  out  and  identify  each  radar 
emitter  uniquely  using  conventional  signal  parameters  such  as  pulse  width,  radio  frequency 
(RF),  amplitude  and  pulse  repetition  frequency.  As  a  result,  there  is  a  requirement  for  EW 
receivers  to  measure  precisely  the  modulation  characteristics  of  radar  signals  in  terms  of 
amplitude,  phase  and/or  frequency  parameters.  These  additional  parameters  can  then  be  used  to 
identify  unambiguously  each  type  of  radar  emitter.  With  the  advent  of  fast  analog-to-digital 
(A/D)  converters  and  high-speed  digital  signal  processing  technologies,  it  is  becoming  feasible 
to  develop  digital  microwave  processors  which  can  meet  this  requirement  [1]. 

One  of  these  processors  is  a  conventional  in-phase/quadrature  (I/Q)  demodulator  shown 
in  Fig.  1.  A  bandpass  input  signal  is  first  down-converted  to  its  in-phase  and  quadrature 
baseband  signals  and  then  digitized.  In  this  figure,  a  dual  channel  digital  oscilloscope  is  shown. 
The  digitized  data  are  processed  to  extract  the  modulation  characteristics  of  the  input  signal.  In 
this  report,  an  I/Q  demodulator  is  composed  of  the  quadrature  mixer,  local  oscillator  (LO), 
low-pass  filters  (LPFs) ,  signal  conditioning  circuitry  which  is  used  to  perform  functions  such 
as  gain  and  offset  adjustments,  and  A/D  converters.  This  simple  demodulator  can  be  used  to 
measure  accurately  the  amplitude,  phase  and  instantaneous  frequency  of  radar  signals.  It  has 
been  widely  used  for  radar  applications  [2]  such  as  digital  moving  target  indicators  and 
antenna  array  processing,  where  the  required  instantaneous  bandwidth  is  typically  a  few  MHz. 
Since  the  splitting  of  the  signal  into  its  in-phase  and  quadrature  components  is  implemented 
using  analog  components,  there  are  amplitude  and  phase  imbalances  between  the  two  channels 
and  DC  offsets  in  each  channel.  These  imbalances  and  DC  offsets,  in  turn,  can  introduce 
systematic  errors  to  the  measurement  [3-4].  Since  the  imbalances  and  DC  offsets  are  relatively 
constant  in  a  narrow  frequency  band  of  operation,  they  can  thus  be  reduced  by  calibration 
[5-6]. 


With  the  advent  of  digital  signal  processing  technologies,  other  approaches  of  directly 
eliminating  the  imbalances  and  DC  offsets  have  been  proposed  recently  [7-10].  In  these 
approaches,  the  bandpass  signal  is  either  directly  sampled  or  is  first  down  converted  to  a  lower 
intermediate  frequency  (IF)  before  it  is  sampled.  The  splitting  of  the  input  signal  into  its 
in-phase  and  quadrature  components  is  carried  out  in  the  digital  domain  by  passing  the  digital 
signal  through  either  the  digital  Hilbert  transform  approach  or  a  combination  of  mixing  and 
filtering  approach.  However,  the  computational  load  of  the  digital  processor  is  increased  due  to 
the  additional  requirements  of  the  digital  filtering  operations  and  some  distortion  is  introduced 
due  to  finite  word  length  effects  and  the  finite  order  of  the  digital  filters.  Moreover,  for  the 
same  bandwidth  coverage,  the  number  of  effective  bits  from  an  A/D  converter  is  reduced  when 
the  digital  approach  is  used  due  to  the  fact  that  the  signal  is  required  to  be  sampled  at  a  higher 
sampling  rate  than  for  the  baseband  signal.  As  a  result,  the  higher  the  rate  the  A/D  converter  is 
required  to  operate  ,  the  lower  usually  the  effective  number  of  bits.  In  addition,  the  effective 
number  of  bits  is  also  reduced  when  the  input  signal  frequency  is  increased.  This  is 
exemplified  by  the  HP  8-bit  digital  oscilloscopes  [11]  where  the  effective  number  of  bits  is 
reduced  from  7.5  at  an  input  signal  frequency  of  50  KHz  to  5.2  at  500  MHz. 


Figure  1  Block  Diagram  of  I/Q  Demodulator 
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In  contrast  to  the  digital  approaches,  there  are  three  attractive  features  inherent  to  the 
conventional  I/Q  demodulator  which  can  be  exploited  for  EW  applications  [12-13].  They  are 

(i)  wide  instantaneous  bandwidth  because  the  negative  and  positive  frequencies  with  respect 
to  the  LO  frequency  can  be  distinguished, 

(ii)  simple  algorithms  for  the  extraction  of  modulation  characteristics  can  be  used  so  that 
near  real-time  results  can  be  obtained  and 

(iii)  a  larger  dynamic  range  can  usually  be  obtained  from  a  given  A/D  converter 

when  operating  at  a  lower  sampling  rate  and  also  when  the  signal  to  be  digitized  is 
lower  in  frequency. 

As  a  result,  this  simple  I/Q  demodulator  is  very  attractive  for  EW  applications  provided  the 
imbalances  and  DC  offsets  can  be  kept  small. 

In  EW  applications,  a  large  instantaneous  bandwidth  is  required  for 

(i)  the  demodulation  of  wide-band  pulse  compression  waveforms  employing  frequency 
modulations  which  can  have  a  maximum  frequency  excursion  in  the  order  of 
hundreds  of  MHz  [14], 

(ii)  measuring  very  fine  modulations  on  narrow  pulses  with  no  intentional  modulations 
or  on  phase  coded  waveforms  with  very  high  chip  rates  so  that  distortions  due  to 
finite  bandwidth  can  be  minimized, 

(iii)  relaxing  the  requirement  for  a  fast  cueing  receiver  and 

(iv)  for  covering  a  full  specific  frequency  band,  such  as  for  the  navigation  radar  bands, 
with  a  fixed  local  oscillator  for  the  down-conversion  process. 

In  case  (iii),  since  the  frequency  of  the  signal  is  unknown,  a  cueing  receiver  with  a  much 
broader  bandwidth  is  usuily  needed  to  measure  approximately  its  carrier  frequency  before  a 
delayed  version  of  it  can  be  tuned  to  within  the  frequency  bandwidth  of  the  demodulator  for 
fine  analysis.  Hence  a  wider  instantaneous  bandwidth  on  the  demodulator  will  alleviate  the 
requirement  for  the  cueing  receiver  to  measure  the  signal  frequency  accurately  and  thus  be 
able  to  perform  the  cueing  function  in  a  much  shorter  time.  Because  of  these  four  factors,  the 
instantaneous  bandwidth  of  an  I/Q  demodulator  is  required  to  be  wider  than  the  modulation 
bandwidths  of  the  individual  signals  of  interest.  On  the  other  hand,  a  wide  instantaneous 
bandwidth  will  increase  the  noise  bandwidth  and  thus  will  degrade  the  output  signal-to-noise 
ratio.  It  will  also  increase  the  probability  of  signal  overlapping  which  can  cause  distortions.  As 
a  result,  there  will  be  an  optimum  bandwidth  for  each  specific  application.  In  EW  applications, 
an  instantaneous  bandwidth  of  about  100  to  200  MHz  is  a  good  compromise  in  terms  of 
performance  and,  at  the  same  time,  should  be  wide  enough  for  detecting  most  of  the  signals  of 
interest. 

Commercially  available  quadrature  mixers,  are  known  to  exhibit  relatively  large 
amplitude  and  phase  imbalances  and  DC  offsets  [13,15]  and  they  become  worse  as  the 
operating  bandwidth  is  increased.  However,  very  little  information  is  available  in  the  open 
literature  on  the  imbalances  and  DC  offsets  of  wideband  I/Q  demodulators.  In  this  report,  we 
show  that  the  imbalances  and  DC  offsets  of  wideband  I/Q  demodulators  using  "  off-the-shelf " 
components  can  be  greatly  reduced  and  have  excellent  matching  characteristics.  This  is 
achieved  by  using  the  techniques  of  component  matching  and  through  the  procedure  of 
calibration.  A  DFT  technique  is  developed  to  calibrate  and  characterize  accurately  wideband 
I/Q  demodulators  by  using  a  test  signal.  A  number  of  wideband  I/Q  demodulators  are 
evaluated  over  input  signal  level,  time  and  temperature  and  their  characteristics  are  also 
reported. 
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2.0  I/Q  DEMODULATORS 

An  incoming  RF  signal  is  usually  down-converted  to  an  IF  signal  before  it  is  applied  to 
the  I/Q  demodulator.  The  IF  signal  to  the  I/Q  demodulator,  as  shown  in  Fig.  1,  can  be 
expressed  in  the  form  of 

s(t)  =  a(t)  cos[0Qt  +  <Kt)]  (1) 

where  a(t)  is  the  amplitude  or  envelope,  (0Q  is  the  IF  angular  carrier  frequency  and  0(t)  is  the 

phase  function  of  the  signal.  It  is  first  bandpass  filtered  and  then  equally  power-divided  into 
two  paths.  The  signal  in  each  path  is  then  mixed  down  to  baseband  by  the  use  of  a  local 
oscillator  signal.  The  two  local  oscillator  signals  are  derived  from  the  same  source,  but  are  90 
degrees  out  of  phase.  The  resultant  in-phase  and  quadrature  baseband  signals  after  the  LPF  are, 

Si(t)  =  K/2  a(t)  cos[  (fi)Q-  %,)t  +  0(t)  -  y]  =  K/2  a(t)  cos[j3(t)]  (2) 

and 

Sq(t)  =  K/2  a(t)  sinim  (3) 

respectively,  where  K  is  the  net  gain  in  each  path  ,  %  is  the  angular  frequency  of  the  local 
oscillator  with  initial  phase  y,  jS(t)  is  the  phase  function  of  the  baseband  signal  and,  a  constant 
delay  introduced  in  each  path  has  been  neglected.  In  this  ideal  case,  the  two  channels  (paths) 
have  been  assumed  to  be  perfectly  matched  in  amplitude,  90  degrees  out  of  phase,  and  with  no 
DC  offsets. 

The  instantaneous  power  of  the  envelope  of  the  input  IF  signal  is  simply  related  to  its 
in-phase  and  quadrature  baseband  components  by 

a2(t)  =  4/K2  [  S?(t)  +  Sq(t)]  ,  (4) 

the  signal  phase  function  is  given  by 
<Kt)  =  (Mt)  -  (0o-  W]0)t  +  y 

=  tan-1  [Sq(t)/Sj(t)]  -  (fflo-  cyt  +  y  (5) 

and  the  instantaneous  frequency  is 

fin(t)=  =  5Ht  [ tan_1  ISqCtVSiCt)]  ]  -  (V  0ho)/(2n).  (6) 

The  in-phase  and  quadrature  baseband  signals  are  usually  sampled  and  digitized  at 
tn  =  nTs  +  TQ,  where  Ts  is  the  sampling  interval,  Tq  is  the  initial  time  and  n  =  0,1,2,...  .  In  this 

case,  the  sampled  instantaneous  frequency  is  then  approximately  given  by 


fin(hi)  ~ 


0On)  -  flt n-i) 


/(2*TS). 
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In  the  implementation  of  the  I/Q  demodulator,  there  will  be  differential  gain,  DC 
offsets  and  phase  deviation  from  the  ideal  90  degrees  between  the  two  channels  [3].  Each  of 
which  includes  not  just  the  quadrature  mixer,  but  also  the  LO,  LPF  and  the  conditioning 
circuitry  associated  with  the  A/D  converter  in  the  digital  oscilloscope.  Equations  (2)  and  (3) 
can  then  be  rewritten  in  a  more  general  form  as 

Si(t)  =  Kj/2  a(t)  cos[j3(t)  +  fa  ]  +  aio  (8) 

and 

Sq(t)  =  Kq/2  a(t)  sin[j3(t)  +  %}  +  aqo  (9) 

respectively,  where  a;0  and  aq0  are  the  amplitude  DC  offsets,  Kj  and  Kq  are  the  gains,  and  fa 
and  (|)q  are  the  phase  offsets  of  the  in-phase  and  quadrature  channels  respectively.  Note  that 
aio,  aq0,  Kj,  Kq  ,<j) j  and  <j)q  are,  in  general,  a  function  of  frequency. 


3.0  CHARACTERIZATION  MEASUREMENT  TECHNIQUE 


In  this  section,  we  will  present  a  simple  technique  for  characterizing  the  imbalances 
and  DC  offsets  of  wideband  I/Q  demodulators  by  using  a  test  signal.  When  a  test  signal,  of  the 
form  given  by  Eq.(l),  is  applied  to  the  I/Q  demodulator,  the  resultant  in-phase  and  quadrature 
baseband  signals  are  given  by  Eqs.  (8)  and  (9)  respectively.  Expressing  the  baseband  signal  in 
the  quadrature  channel  in  terms  of  the  phase  imbalance  (<j)q  -  fa),  Eq.(9)  can  be  rewritten  as 


Sq(t)  =  a(t)  Kq/2  j^sin  [/3(t)  +  fa  ]  cos [(0q 
+  cos  [j3(t)  +  fa]  sin[  (<j)q  -  fa)]\ 


-<t> i)] 

+  Sqo 


(10) 


Taking  the  Fourier  transform  of  the  above  expression  over  a  finite  duration  T,  we  have 

^[Sq(t)l  =  Kq/2  cos[(4>q  -  fa)]  &  [a(t)  sin  m)  +  fa]} 

+  Kq/2  sin  [(0q  -  fa)]  «y[a(t)  cos  [$t)  +  ^]j  +  ^[aq0]  (11) 

T/2 

where  ^[hft)]  =  f  h(t)  exp(-j2sft)  dt  (12) 

-T/2 


is  the  finite  Fourier  transform  of  h(t).  The  Fourier  transform  of  the  in-phase  component  given 
by  Eq.  (8)  is 


^[Sj(t)]  =  Kj/2  y  [  a(t)  cos[j3(t)  +  fa  ]]  +  ^[aj0]  (13) 

If  the  time  duration  T  is  chosen  so  that  there  will  be  negligible  overlapping  between  the 
frequency  spectrum  of  the  signal  and  the  spectrum  of  the  truncated  DC  offset,  the  DC 
frequency  component  due  to  the  DC  offset  can  be  separated  and  removed.  The  DC  offsets  of 
the  in-phase  and  quadrature  channels  are  simply  related  to  its  finite  Fourier  transform  by 
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and 


(14) 


aj0  =  J  ^[ajj  at  f  =  0  /T 

aq0=  [  <^[aqo]atf=o]/r  (15) 

respectively. 

Since  the  Fourier  transform  provides  a  2-sided  spectrum,  a  Hilbert  transform  based 
analytic  signal  is  needed  to  yield  the  quadrature  component.  For  the  in-phase  baseband  signal, 
the  amplitude  [K;/2  a(t)]  and  the  phase  function  [j3(t)  +  0j  ]  as  a  function  of  instantaneous 
frequency  can  be  determined  by  using  a  Hilbert  transform  based  analytic  signal  [zj(t)],  given 
by 

zj(t)  =  Kj/2  a(t)  cos[j8(t)  +  0,  ]  +  j  c%{  a(t)  cos[j3(t)  +  0j  ] } 

=  Ki/2a(t)exp{j[j3(t)  +  0i]}  (16) 

where  denotes  the  Hilbert  transform.  Note  that  the  amplitude  [Kj/2  a(t)]  and  the  phase 
function  [j3(t)  +  0j  ]  of  the  in-phase  calibration  baseband  signal  may  only  be  considered 
independently  as  expressed  by  Eq.  (16)  if  the  spectra  of  a(t)  and  cos[/?(t)  +  0j  ]  are  separated  or 
almost  separated  in  frequency  (that  is,  a  narrowband  signal)  [16].  This  is  important  because  the 
amplitude  and  phase  components  must  be  separated  and  evaluated  by  manipulating  the 
information  in  the  frequency  domain,  at  the  instantaneous  frequency  defined  by  Eq.  (6).  If 
there  is  any  significant  interaction  between  the  positive  and  negative  spectral  components 
associated  with  the  phase  term,  [j3(t)  +  0j  ],  then  the  Hilbert  transform  will  not  yield  the 
quadrature  component  of  the  input  signal. 

The  Hilbert  transform  based  analytic  signal  can  be  generated  by  first  eliminating 
negative  frequencies  of  the  spectrum  and  then  taking  the  inverse  Fourier  transform,  given  by 

00 

zj(t)  =  2  J  Fj(f)  exp(j27rft)  df  (17) 

o 

where  Fj(f)  =  ^{Kj/2  a(t)  cos[j3(t)  +  fa  ]}  ,  the  Fourier  transform  of  the  in-phase  analytic 
signal  is  simply  related  to  Fj(f)  by 

Zj(f)  =  ^[Zi(t)]  =  2  Fj(f)  U(f)  =  {  [  >  J 

=  Kj/2  <5^  a(t)  exp  {j[j3(t)  +  ]}j  (18) 

Similarly,  using  Eq.  (11)  the  Fourier  transform  of  the  quadrature  analytic  signal  is 

Zq(f)  =  -  j  Kq/2  exp[j(0q  -  0i)]  9  a(t)  exp  {j[jS(t)  +  ]}j  (19) 
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Taking  the  ratio  of  the  Hilbert  transform  on  the  analytic  signal  [zq(t)]  in  the  quadrature 
channel  to  the  one  [z;(t)]  in  the  in-phase  channel,  we  have 


Zq(f y  Zj(f)  =  R  exp  j[(0q  -  <ft)  -  n/2] 


(20) 


If  there  is  no  overlapping  between  the  amplitude  and  phase  functions  in  the  frequency 
domain,  the  ratio  of  Zq(f)/Zj(f),  as  a  function  of  frequency,  can  be  computed  at  each  frequency. 
As  a  result,  the  relative  amplitude  imbalance  ratio  R  (Kq/Kj)  and  the  phase  imbalance  (</>q  -  (ft), 
as  a  function  of  instantaneous  frequency,  can  then  be  determined.  Using  the  above  procedure 
and  knowing  the  input  IF  frequency,  the  imbalance  errors  and  DC  offsets  of  the  demodulator, 
as  a  function  of  frequency,  can  thus  be  measured. 


In  practice,  the  baseband  signals  are  sampled  and  digitized.  As  a  result,  a  discrete 
Fourier  transform  (DFT)  has  to  be  used  with  t  replaced  by  tn.  As  stated  above,  any  signal 
classified  as  narrow-band  can  be  used  as  a  test  signal.  However,  a  CW  calibration  signal 
usually  is  used  for  two  main  reasons:  (i)  precise  CW  sources  are  readily  available  and  (ii)  the 
number  of  data  samples  generated  at  a  specific  frequency  of  interest  can  be  made  arbitrarily 
large.  A  large  number  of  data  samples  for  the  DFT  can  improve  the  output  signal-to-noise 
ratio,  and  thus,  the  ultimate  accuracy  of  the  measurement.  Since  both  the  input  IF  frequency 
and  the  resultant  baseband  frequency  are  known,  the  number  of  sample  points  can  also  be 
chosen  to  satisfy  the  criterion  of  having  a  truncation  interval  for  the  DFT  equal  to  an  integer 
multiple  of  the  period  of  the  baseband  signal.  Once  this  criterion  is  satisfied,  the  leakage 
problem  due  to  time  domain  truncation  associated  with  DFT  can  be  eliminated  [17],  As  a 
result,  no  distortions  are  introduced  to  either  the  CW  signal  or  the  DC  offset.  The  DC  offset  is 
determined  by  dividing  the  DC  component  of  the  DFT  by  the  total  number  of  sample  points 
(N)  used. 

The  approach  taken  in  this  report  for  measuring  the  imbalance  errors  and  DC  offsets  is 
slightly  different  from  the  one  given  by  F.E.  Churchill,  G.W.  Ogar  and  B.J.  Thompson  [5].  In 
Reference  5  ,  the  application  is  for  radar  receivers  where  the  bandwidth  is  narrow  and  a  single 
calibration  measurement  at  about  the  center  band  of  the  receiver  is  sufficient,  while  here,  the 
bandwidth  is  much  larger  and  the  calibration  measurement  may  be  needed  throughout  the 
whole  frequency  band.  As  a  result,  the  approach  of  taking  exactly  N  samples  over  one  cycle  of 
the  baseband  calibration  signal  as  given  in  Reference  5  can  not  be  applied  to  some  of  the 
calibration  frequencies  in  this  application.  The  only  requirement  is  to  increase  the  number  of 
samples,  N,  for  the  DFT  so  that  the  number  of  sample  points  chosen  satisfy  the  criterion  of 
having  a  truncation  interval  for  the  DFT  equal  to  an  integer  multiple  of  the  period  of  the 
baseband  calibration  signal.  Once  this  criterion  is  satisfied,  the  leakage  problem  due  to  time 
domain  truncation  associated  with  the  DFT  can  be  eliminated. 


This  leakage  problem  is  illustrated  in  Fig.  2.  with  a  total  number  of  sample  points  for 

the  DFT  equal  to  100  with  a  calibration  point  located  at  every  5f/f  =  0.01  interval,  where  f  = 

s  s 

1/Ts.  100  samples  are  needed  to  satisfy  the  criterion  of  having  a  truncation  interval  equal  to  an 
integer  multiple  of  the  period  of  the  baseband  calibration  signal  at  all  calibration  points. 

Figure  2  illustrates  the  effect  when  the  number  of  samples  differs  from  100  and  they  are 
plotted  for  N  equals  99,  100  and  101.  When  the  total  number  of  sampling  points  is  other  than 
100,  leakage  will  occur  at  each  calibration  frequency  point  and  the  error  introduced  will  be  a 
function  of  the  signal  frequency  in  terms  of  its  normalized  frequency  location  as  well  as  the 
deviation  between  the  signal  frequency  and  its  DFT  frequency  for  a  given  number  of  sample 
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points.  In  this  report,  the  frequency  and  sampling  rates  are  assumed  to  be  exact,  and  as  a 
result,  no  frequency  deviations  are  introduced.  The  leakage  effect  can  also  be  reduced  by  using 
windowing  [17].  However,  the  resultant  broadening  effect  on  the  spectrum  may  cause 
significant  interaction  between  the  positive  and  negative  spectral  components  associated  with 
the  phase  term  at  both  the  low  and  high  ends  of  the  spectrum. 

Another  deviation  from  the  methodology  of  Reference  5  is  that  a  DFT  is  performed 
separately  on  the  data  from  the  two  channels.  A  relative  comparison  of  the  two  DFTs  is  then 
carried  out  to  determine  the  imbalance  errors.  In  Reference  5,  the  data  from  the  two  channels 
are  combined  into  a  complex  expression  and  a  DFT  is  taken  and  expressed  in  terms  of  the  test 
signal  frequency  and  its  image  frequency. 


4.0  MATCHING  CHARACTERISTICS  OF  WIDEBAND  I/Q  DEMODULATORS 

Implementation  of  the  I/Q  demodulator  is  carried  out  by  the  use  of  a  quadrature  mixer, 
a  local  oscillator  and  a  dual-channel  digital  oscilloscope.  The  quadrature  mixers  tested  are 
"  off-the-shelf "  units  from  both  Anaren  Microwave  Inc.,  and  KDI/Triangle  Electronics  Inc., 
and  custom-matched  quadrature  mixers  composed  of  discrete  components.  The  digital 
oscilloscopes  are  either  the  10-bit  9430  or  8-bit  9450  dual-channel  oscilloscope  from  LeCroy 
Corporation.  On  any  given  set  of  measurements,  the  set-up  is  usually  turned  on  for  at  least  20 
minutes  before  the  testing  begins.  Depending  on  the  type  of  testing,  the  actual  time  taken  to 
complete  the  test  typically  can  last  over  a  period  of  minutes.  As  a  result,  if  the  characteristics 
of  the  I/Q  demodulator  vary  as  a  function  of  time,  their  changes  are  also  reflected  in  the 
experimental  data. 

The  "  off-the-shelf "  quadrature  mixers  are  found  to  have  relatively  larger  imbalances 
and  DC  offsets  when  compared  to  the  custom-matched  devices.  Two  custom-matched  devices 
and  a  quadrature  mixer  from  Anaren  Microwave  Inc.  are  fully  tested  as  a  function  of  input 
power  level  and  are  given  in  this  report.  The  I/Q  demodulators  using  these  quadrature  mixers 
are  tested  over  100-MHz  and  200-MHz  bandwidths.  They  are  also  tested  over  time  and 
temperature.  No  attempt  is  made  to  fully  analyze  the  imbalances  and  DC  offsets  on  any 
particular  component  in  the  demodulator  as  the  demodulator  is  tested  as  a  subsystem. 


4. 1  Imbalances  and  DC  Offsets  Over  a  Range  of  Input  Signal  Power  Level 

The  imbalances  and  DC  offsets  of  I/Q  demodulators  are  measured  by  using  the 
technique  described  in  Section  3.0.  The  I/Q  demodulator  chain  includes  a  quadrature  mixer,  a 
3-dB  pad,  an  interconnecting  cable  and  a  LeCroy  dual-channel  digital  oscilloscope.  The  3-dB 
pad  is  used  to  improve  the  impedance  matching  between  the  quadrature  mixer  and  the 
oscilloscope.  The  in-phase  and  quadrature  signals  are  sampled  and  digitized  by  the 
oscilloscope.  The  I/Q  demodulators  are  tested  as  a  function  of  LO  power  level  and  input  signal 
frequency  and  power  level.  A  CW  signal  from  a  frequency  synthesizer  is  used  as  a  test  signal 
to  characterize  the  I/Q  demodulator. 

The  test  results  on  the  I/Q  demodulators  using  custom-matched  quadrature  mixers  are 
discussed  in  detailed  in  this  section.  In  general,  the  custom-matched  quadrature  mixers  units 
(  A  and  B),  as  shown  in  Fig  3,  have  better  matching  characteristics  because  the  discrete 
components  can  be  individually  selected  and  matched  by  inserting  either  an  isolator  or 
attenuator,  adapters  and/or  line  stretchers.  A  line  stretcher  is  inserted  in  one  of  the  outputs  of 
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Figure  3  Quadrature  Mixers  A  and  B 


the  quadrature  power  divider  of  the  LO  subassembly  as  shown  in  the  figure.  The  length  of  the 
line-stretcher  is  adjustable  through  a  micrometer  and  then  locked  in  place.  The  LO  is  a 
synthesizer  from  Communication  Techniques  Inc.  with  an  output  frequency  of  1  GHz.  The 
line  stretcher  is  first  adjusted  so  that  the  in-phase  and  quadrature  signals  are  90  degrees  out  of 
phase  close  to  zero  baseband  frequency,  and  then  coarse  testing  is  carried  out  to  characterize 
the  I/Q  demodulator  as  a  function  of  frequency.  If  there  is  any  residual  mismatch  in  terms  of 
cable  lengths  between  the  in-phase  and  quadrature  channels,  a  linear  slope  will  appear  on  the 
phase  imbalance  plot  as  a  function  of  frequency.  This  linear  slope  is  then  reduced  by  inserting 
a  small  section  of  cable  at  the  output  of  either  the  in-phase  or  quadrature  channels.  The  extra 
cable  length  is  implemented  by  using  off-the-shelf  adapters  with  various  lengths.  After  the 
coarse  adjustment  is  made,  then  a  comprehensive  testing  is  carried  out. 

In  the  first  set  of  measurements,  the  input  signal  power  level  is  adjusted  so  that  close  to 
full  scale  deflection  is  achieved  on  the  digital  oscilloscope  when  it  is  set  at  10  mV/division. 
The  same  input  power  level  is  maintained  as  the  signal  frequency  is  varied  by  4  MHz  steps.  At 
each  input  signal  frequency,  a  10,000-point  DFT  is  performed  on  the  digitized  baseband  signal 
to  extract  the  relative  amplitude  and  phase  difference  between  the  two  channels  and  the  DC 
offset  in  each  channel.  A  typical  SNR  of  approximately  48  dB  is  achieved  on  each  sample. 
When  a  DFT  is  performed  on  10,000  sample  points,  the  SNR  is  approximately  improved  by  an 
additional  factor  of  40  dB.  As  a  result,  the  combined  output  SNR  is  approximately  88  dB.  The 
noise  distribution  is  approximately  Gaussian  and  the  errors  introduced  by  the  noise  [13]  are 
small  enough  that  their  effects  on  the  measurements  can  be  neglected. 

Another  eight  sets  of  measurements  are  then  taken  by  reducing  the  input  power  level 
by  3  dB  steps.  At  the  lowest  input  signal  level,  the  combined  output  SNR  is  approximately  64 
dB  which  gives  an  estimated  RMS  phase  error  due  to  noise  of  less  than  0.05  degrees.  The  nine 
sets  of  measurements  are  analyzed  to  compute  the  imbalance  errors  and  DC  offsets  of  the  I/Q 
demodulator  at  each  frequency. 


4.1.1  1 00-MHz  Demodulators 

The  two  custom-matched  quadrature  mixers  (units  A  and  B),  as  shown  in  Fig.3,  are 
tested  in  the  laboratory  with  a  10-bit  LeCroy  9430  dual-channel  digital  oscilloscope.  The  LO 
power  applied  to  the  input  of  the  quadrature  mixer  is  set  at  19  dBm.  The  in-phase  and 
quadrature  signals  are  sampled  and  digitized  by  the  oscilloscope  at  a  1 00-MHz  sampling  rate 
with  a  low-pass  filter  bandwidth  of  approximately  150  MHz.  A  CW  signal  from  a  frequency 
synthesizer  is  applied  to  the  input  of  the  I/Q  demodulator  and  is  then  adjusted  in  frequency  to 
produce  a  baseband  signal  over  the  range  from  -  50  MHz  to  50  MHz. 

The  means  of  the  imbalances  and  DC  offsets  are  plotted  in  Fig.  4  and  are  indicated  by 
a  solid  line.  There  are  twenty  four  experimental  points  in  each  set  of  measurements  and  its 
location  along  the  frequency  axis  is  indicated  by  a  small  circle.  The  statistics  on  the  matching 
characteristics  are  summarized  in  Table  I.  Column  1  gives  the  RMS  error  from  an  ideal  I/Q 
demodulator  over  the  full  baseband  frequency  range  of  ±  50  MHz  and  a  24-dB  dynamic  range. 
It  represents  the  worst  case  error  when  there  is  no  correction.  Column  2  gives  the  mean  value 
of  each  characteristic  over  the  full  frequency  range  of  ±  50  MHz  and  a  24-dB  dynamic  range. 
The  RMS  error  when  this  mean  is  subtracted  from  the  measurement  is  given  in  Column  3.  In 
order  to  provide  another  indicator  on  whether  there  is  an  offset  introduced  on  the  imbalances 
and  DC  offsets  at  each  input  power  level,  the  mean  value  for  each  frequency  is  computed  and 
then  subtracted  before  the  RMS  value  is  computed.  The  revised  RMS  value  is  enclosed  in 
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Figure  4(a)  Amplitude  Ratio  Versus  Baseband  Frequency  of  Quadrature  Mixer  B  with 
10-bit  Oscilloscope  over  a  24-dB  Dynamic  Range  and 
100  MHz -Bandwidth  (10  mV/D) 
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Figure  4(b)  Absolute  Phase  Difference  Versus  Baseband  Frequency  of  Quadrature 
Mixer  B  with  10-bit  Oscilloscope  over  a  24-dB  Dynamic  Range  and 
100  MHz-Bandwidth  (10  mV/D) 
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Figure  4(c)  DC  Offset  Versus  Baseband  Frequency  (In-phase  Channel)  of  Quadrature 
Mixer  B  with  10-bit  Oscilloscope  over  a  24-dB  Dynamic  Range  and 
100  MHz -Bandwidth  (10  mV/D) 
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Figure  4(d)  DC  Offset  Versus  Baseband  Frequency  (Quadrature  Channel)  of 
Quadrature  Mixer  B  with  10-bit  Oscilloscope  over  a  24-dB 
Dynamic  Range  and  100  MHz-Bandwidth  (10  mV/D) 


braces  in  the  last  column  of  the  Table. 


Table  I 

Imbalances  and  DC  Offsets  of  Quadrature  Mixer  B  with  10-bit  Oscilloscope  over 
a  24-dB  Dynamic  Range  and  100  MHz-Bandwidth  (10  mV/D) 


RMS  Error  from  Ideal  Demodulator 

Mean 

RMS  error  with  Mean  Subtracted 

Amplitude 

0.0369  (0.643  dB) 

1.035  (0.295  dB)  0.0133  (0.0072) 

Phase 

0.348° 

89.991° 

0.348°(0.342°) 

DC  Offsets 

In-phase 

0.055  mV 

-0.013  mV 

0.053  mV  (0.022  mV) 

Quadrature 

1.281  mV 

-1.280  mV 

0.043  mV  (0.019  mV) 

The  mean,  (mean  +  RMS)  and  (mean  -  RMS)  of  the  amplitude  ratio  R  versus  baseband 
frequency  are  plotted  in  Fig.  4  (a).  The  mean  amplitude  ratio  over  the  full  baseband  frequency 
range  of  ±  50  MHz  and  a  24-dB  dynamic  range  is  computed  to  be  1.035  (0.295  dB)  and  given 
in  Table  I.  The  RMS  value  from  the  mean  is  0.0133  and  when  expressed  in  terms  of  20-logio  * 

[(  mean  +  RMS)/ (mean  -  RMS)],  it  is  0.223  dB.  If  the  RMS  value  is  measured  from  the  ideal 
value  of  unity,  then  it  is  .0369  or  0.643  dB.  If  the  mean  at  each  input  power  level  is  subtracted 
before  the  RMS  value  is  computed,  it  is  reduced  to  0.0072. 

The  absolute  phase  difference  between  the  quadrature  channel  and  the  in-phase  channel 
is  plotted  in  Fig.  4  (b).  The  RMS  value  of  the  phase  difference  from  the  ideal  quadrature  is 
0.348  degrees.  The  mean  value  over  the  full  baseband  frequency  range  of  ±  50  MHz  and  a 
24-dB  dynamic  range  is  89.991  degrees.  If  the  mean  is  subtracted,  then  the  RMS  value  is  also 
0.348  degrees.  If  the  mean  value  at  each  input  signal  power  level  is  computed  and  then 
subtracted  before  the  RMS  value  is  computed  for  each  frequency,  the  revised  RMS  value  is 
almost  unchanged  at  0.342  degrees. 

The  DC  offsets  in  millivolts  of  both  the  in-phase  and  quadrature  channels  are  plotted  in 
Figs.  4  (c)  and  4(d)  respectively.  The  RMS  DC  offsets  in  the  in-phase  and  quadrature  channels 
are  0.055  mV  and  1.281  mV  respectively.  The  mean  DC  offset  values  of  the  in-phase  and 
quadrature  channels  are  -0.013  mV  and  -1.280  mV  respectively.  After  the  mean  is  subtracted, 
the  RMS  values  for  both  the  in-phase  and  quadrature  channels  are  0.053  mV  and  0.043  mV 
respectively  over  the  baseband  frequency  range  of  ±  50  MHz  and  a  24-dB  dynamic  range.  If 
the  mean  value  at  each  input  signal  power  level  is  subtracted  first  before  the  RMS  value  is 
computed,  then  the  in-phase  and  quadrature  RMS  DC  offsets  are  reduced  approximately  by  a 
factor  of  2  to  0.022  mV  and  0.019  mV  respectively. 

After  the  mean  value  is  subtracted  from  the  imbalance  errors  and  DC  offsets,  the 
residual  errors  are  very  small  and  are  approaching  the  residual  errors  due  to  noise  alone. 
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The  dynamic  range  of  the  demodulator  can  be  increased  by  adjusting  the  oscilloscope 
voltage  setting.  A  similar  test  is  carried  out  by  changing  the  oscilloscope  setting  from 
10  mV/D  to  5  mV/D.  The  only  change  in  the  hardware  is  the  last  section  of  the  demodulator 
and  as  expected  there  are  similar  characteristics  between  the  two  sets  of  curves.  The 
characteristics  on  this  new  setting  are  tabulated  in  Table  II.  The  phase  error  is  slightly  worse 
while  the  DC  offsets  are  better. 


Table  II 

Imbalances  and  DC  Offsets  of  Quadrature  Mixer  B  with  10-bit  Oscilloscope  over 
a  24-dB  Dynamic  Range  and  100  MHz-Bandwidth  (5  mV/D) 


RMS  Error  from  Ideal  Demodulator  Mean  RMS  error  with  Mean  Subtracted 


Amplitude 

0.0285  (0.496  dB) 

1.027  (0.231  dB) 

0.0095  (0.0088) 

Phase 

0.525° 

89.940° 

0.522°(0.521°) 

DC  Offsets 

In-phase 

0.033  mV 

-0.016  mV 

0.029  mV  (0.023  mV) 

Quadrature 

1.257  mV 

-1.257  mV 

0.029  mV  (0.022  mV) 

Another  similar  quadrature  mixer  (A)  with  the  same  oscilloscope  is  also  tested  and  a 
summary  of  the  results  for  oscilloscope  setting  at  10  mV/D  and  5  mV/D  are  given  in  Tables  HI 
and  IV  respectively.  I/Q  demodulator  A  in  general  has  better  amplitude  and  phase  matching 
characteristics  than  I/Q  demodulator  B.  However,  the  mean  in-phase  DC  offset  in  the  I/Q 
demodulator  A  is  much  higher  and  its  RMS  value  is  much  worse  at  the  10  mV/D  range.  The 
main  problem  is  due  to  large  mean  DC  offsets  introduced  by  the  in-phase  mixer  at  the  two 
strongest  signal  levels  of  the  test.  If  these  two  data  points  are  removed  in  the  computation,  the 
resultant  RMS  in-phase  DC  offset  value  is  much  smaller. 


Table  HI 


Imbalances  and  DC  Offsets  of  Quadrature  Mixer  A  with  10-bit  Oscilloscope  over 
a  24-dB  Dynamic  Range  and  100  MHz-Bandwidth  (10  mV/D) 


RMS  Error  from  Ideal  Demodulator  Mean  RMS  error  with  Mean  Subtracted 


Amplitude 

0.0476  (0.828  dB) 

1.047  (0.401  dB) 

0.0060  (0.0045) 

Phase 

0.328° 

90.066° 

0.321°(0.320°) 

DC  Offsets 

In-phase 

0.778  mV 

0.751  mV 

0.204  mV  (0.030  mV) 

Quadrature 

0.523  mV 

0.522  mV 

0.030  mV  (0.026  mV) 

Table  IV 


Imbalances  and  DC  Offsets  of  Quadrature  Mixer  A  with  10-bit  Oscilloscope  over 
a  24-dB  Dynamic  Range  and  100  MHz-Bandwidth  (5  mV/D) 


RMS  Error  from  Ideal  Demodulator 

Mean 

RMS  error  with  Mean  Subtracted 

Amplitude 

0.0474  (0.820  dB) 

1 .047  (0.396  dB)  0.0087  (0.0045) 

Phase 

0.264° 

90.094° 

0.247°(0.246°) 

DC  Offsets 

In-phase 

0.866  mV 

0.864  mV 

0.070  mV  (0.028  mV) 

Quadrature 

0.539  mV 

0.538  mV 

0.032  mV  (0.025  mV  ) 

With  the  same  set-up,  the  above  sets  of  measurements  are  repeated  three  days  later  in 
the  laboratory.  The  purpose  of  this  test  is  to  evaluate  the  stability  of  the  imbalance  errors  and 
DC  offsets  of  the  I/Q  demodulator  over  time.  The  results  indicate  that  there  are  negligible 
differences  in  the  imbalance  errors  and  DC  offsets  over  a  period  of  three  days. 

In  general,  the  imbalances  and  DC  offsets  with  the  mean  removed  are  quite  small  with 
the  exception  of  the  in-phase  DC  offset  of  quadrature  mixer  A  operating  at  10  mV/D.  From 
Tables  I,  II  and  IV,  the  combined  RMS  amplitude  imbalance  with  the  mean  subtracted  is  .017 
while  the  phase  imbalance  is  0.389  degrees.  This  will  give  an  image  rejection  ratio  of 
-  40.9  dB.  The  RMS  DC  offset  from  Table  I  on  both  the  in-phase  and  quadrature  channels  is 
0.048  mV.  When  it  is  normalized  by  the  total  amplitude  range  of  80  mV,  we  have  a  ratio  of 
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-  64.4  dB.  The  RMS  DC  offset  of  both  the  in-phase  and  quadrature  channels  from  Tables  II 
and  IV  is  0.043  mV.  When  it  is  normalized  by  the  total  amplitude  range  of  40  mV,  a  ratio  of  - 
59.3  dB  is  obtained. 


4. 1 .2  200-MHz  Demodulators 

The  imbalances  and  DC  offsets  of  quadrature  mixers  A,  B  and  one  "  off-the-shelf  " 
quadrature  mixer  from  Anaren  Microwave  Inc.  are  tested  again  over  a  wider  bandwidth  eight 
months  later.  In  these  sets  of  measurements,  the  testing  is  carried  out  in  a  radar  signal 
collection  shelter  where  there  is  little  control  over  temperature.  The  set-up  of  the  quadrature 
mixers  used  for  this  set  of  measurements  are  slightly  modified  and  different  from 
Section  4.1.2.  The  LO  power  is  lower,  and  different  cable  lengths  and  slightly  different  input 
signal  power  levels  are  used.  The  total  time  taken  to  complete  each  test  is  about  7  minutes. 

I/Q  demodulator  A  is  tested  using  the  10-bit  oscilloscope  set  at  10  mV/D.  The 
baseband  frequency  range  is  from  -  117  MHz  to  118  MHz  at  5-MHz  steps.  The  bandwidth  of 
the  analog  LPF  of  the  oscilloscope  is  about  150  MHz.  The  imbalances  and  DC  offsets  at 
frequencies  higher  than  the  Nyquest  frequency  are  obtained  by  processing  data  at  the  aliased 
frequency.  A  summary  of  the  imbalances  and  DC  offsets  are  tabulated  in  Table  V.  When  these 
characteristics  are  compared  to  those  with  a  100-MHz  bandwidth,  a  slight  degradation  is 
noticed  as  expected. 


Table  V 

Imbalances  and  DC  Offsets  of  Quadrature  Mixer  A  with  10-bit  Oscilloscope  over 
a  24-dB  Dynamic  Range  and  235  MHz-Bandwidth  (10  mV/D) 

RMS  Error  from  Ideal  Demodulator  Mean  RMS  error  with  Mean  Subtracted 


Amplitude 

0.0575  (0.999  dB) 

1.057  (0.477  dB) 

0.0102  (0.0098) 

Phase 

0.752° 

90.206° 

0.723°(0.578°) 

DC  Offsets 

In-phase 

0.698  mV 

0.664  mV 

0.214  mV  (0.073  mV) 

Quadrature 

0.338  mV 

0.336  mV 

0.032  mV  (0.029  mV) 

Another  set  of  measurements  is  taken  on  quadrature  mixer  B  sampled  at  400  MHz 
using  the  8-bit  oscilloscope.  A  pair  of  4-section  Bessel  LPFs  with  differential  group  delays  of 
less  than  0.65  ns  over  the  passband  of  120  MHz  are  used.  The  baseband  frequency  range  is 
from  -101  MHz  to  99  MHz  with  a  frequency  step  size  of  4  MHz.  The  resultant  characteristics 
are  summarized  in  Table  VI. 
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Table  VI 


Imbalances  and  DC  Offsets  of  Quadrature  Mixer  B  with  8-bit  Oscilloscope  over 
a  24-dB  Dynamic  Range  and  200  MHz-B  and  width  (10  mV/D) 


RMS  Error  from  Ideal  Demodulator  Mean  RMS  error  with  Mean  Subtracted 


Amplitude 

0.0588  (1.023  dB) 

1.055  (0.466  dB) 

0.0205  (0.0191) 

Phase 

1.056° 

90.105° 

1. 05 1°(  1.047°) 

DC  Offsets 

In-phase 

0.462  mV 

-0.457  mV 

0.070  mV  (0.060  mV) 

Quadrature 

1.499  mV 

-1.498  mV 

0.067  mV  (0.055  mV) 

Using  a  similar  set-up  as  above  except  with  the  quadrature  mixer  B  replaced  by  an 
Anaren  210  quadrature  mixer.  The  extra  phase  imbalance  from  this  device  is  compensated 
using  cables  and  adapters  placed  in  the  baseband  ports.  The  resultant  characteristics  are 
summarized  in  Table  VII. 


Table  VII 

Imbalances  and  DC  Offsets  of  Anaren  210  Quadrature  Mixer  with  8-bit  Oscilloscope  over 
a  24-dB  Dynamic  Range  and  200  MHz-Bandwidth  (10  mV/D) 

RMS  Error  from  Ideal  Demodulator  Mean  RMS  error  with  Mean  Subtracted 


Amplitude 

0.0430  (0.748  dB) 

1.036  (0.307  dB) 

0.0240  (0.0227) 

Phase 

1.604° 

90.988° 

1.264°(  1.267°) 

DC  Offsets 

In-phase 

14.415  mV 

14.414  mV 

0.213  mV  (0.101  mV) 

Quadrature 

12.904  mV 

12.902  mV 

0.221  mV  (0.116  mV) 

Comparing  the  custom-matched  device  (quadrature  mixer  B  )  to  the  Anaren  quadrature 
mixer,  the  custom  one  has  almost  the  same  characteristics  except  with  much  better  RMS  DC 
offsets,  which  are  about  3  times  smaller  for  both  the  in-phase  and  quadrature  channels. 
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4.2  Imbalances  and  DC  Offsets  Over  Time  and  Temperature 

This  test  is  also  carried  out  in  the  radar  signal  collection  facility.  Quadrature  mixer  A  is 
measured  at  a  fixed  input  power  level  over  the  same  ±  50  MHz  range  repeatly  as  a  function  of 
time.  The  time  needed  to  complete  a  set  of  measurement  is  about  25  seconds  and  the  set  of 
measurement  is  repeated  every  five  minutes.  Seven  sets  of  measurements  are  carried  out  over  a 
period  of  30  minutes.  The  input  signal  power  is  set  at  a  level  where  90%  full  scale  deflection 
is  achieved  on  the  10  mV/D  range.  Note  that  this  set  up  is  slightly  different  from  the  one  used 
earlier  in  Section  4.1.2  and  taken  at  a  different  time  with  some  adjustments  made  to  the 
demodulator.  The  variations  on  the  amplitude  and  phase  mismatches,  and  DC  offsets  as  a 
function  of  time  are  tabulated  in  Table  Vm. 


Table  VD1 


Imbalances  and  DC  Offsets  of  Quadrature  Mixer  A  with  10-bit  Oscilloscope  as 
a  Function  of  Time  over  a  Period  of  30  Minutes 


RMS  Error  from  Ideal  Demodulator 

Mean 

RMS  error  with  Mean  Subtracted 

Amplitude 

0.0379  (0.658  dB) 

1.038  (0.322  dB)  0.0031  (0.0030) 

Phase 

0.148° 

89.965° 

0.144°(0.143°) 

DC  Offsets 

In-phase 

0.736  mV 

0.732  mV 

0.082  mV  (0.036  mV) 

Quadrature 

0.658  mV 

0.657  mV 

0.023  mV  (0.017  mV) 

The  ambient  temperature  was  about  16  degrees  C  with  a  variation  over  this  period  of 
about  1  to  2  degrees.  In  order  to  compute  the  tracking  characteristics  over  the  whole 
bandwidth  as  a  function  of  time,  the  mean  value  from  each  set  of  data  is  subtracted  before  the 
RMS  calculation  is  performed.  As  can  be  seen  from  the  Table,  the  resultant  RMS  phase  error 
is  almost  unchanged  for  both  the  phase  and  amplitude.  The  phase  RMS  value  is  changed  from 
0.144  degrees  to  0.143  degrees  while  the  RMS  amplitude  value  is  from  0.0031  to  0.0030.  The 
RMS  DC  offsets  for  the  in-phase  and  quadrature  channels  are  from  0.082  mV  to  0.036  mV  and 
from  0.023  mV  to  0.017  mV  respectively  .  As  a  result,  the  imbalance  mismatches  are 
negligible  while  there  are  slight  DC  offset  shifts. 


As  mentioned  in  Section  4.1.1,  similar  measurements  over  a  longer  period  of  time  in 
terms  of  days  were  performed  in  the  laboratory.  The  variations  were  observed  to  be  smaller  as 
the  temperature  inside  the  laboratory  was  much  more  stable. 

Another  set  of  measurement  was  carried  out  over  a  much  larger  temperature  range  and 
over  the  course  of  5  hours.  The  mean  temperature  was  about  29  degrees  C  and  the  total 
temperature  change  was  about  10  degrees.  Six  sets  of  measurements  were  taken  at  the 
10  mV/D  range  with  the  results  tabulated  in  Table  IX. 
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Table  IX 


Imbalances  and  DC  Offsets  of  Quadrature  Mixer  A  with  10-bit  Oscilloscope  as 
a  Function  of  Time  over  a  Period  of  5  Hours 


RMS  Error  from  Ideal  Demodulator  Mean  RMS  error  with  Mean  Subtracted 


Amplitude 

0.0394  (0.685  dB) 

1.039  (0.332  dB) 

0.0054  (0.0025) 

Phase 

0.865° 

89.782° 

0.837°(0.129°) 

DC  Offsets 

In-phase 

0.433  mV 

0.433  mV 

0.0511  mV  (0.031  mV) 

Quadrature 

0.261  mV 

0.258  mV 

0.036  mV  (0.024  mV) 

By  comparing  the  results  in  Table  Vm  and  Table  IX,  in  general,  for  a  bigger 
temperature  change,  there  will  be  larger  offsets  introduced  to  the  imbalances  and  DC  offsets.  If 
the  offsets  are  measured  and  corrected  frequently,  small  residual  imbalances  and  DC  offsets 
can  be  maintained. 


Under  different  operating  conditions,  the  imbalance  errors  and  DC  offsets  of  I/Q 
demodulators  have  also  been  evaluated.  It  is  found  that  the  imbalance  errors  and  DC  offsets 
are  a  strong  function  of  the  LO  frequency  and  LO  power  level  to  the  quadrature  mixer.  For  I/Q 
A,  the  phase  imbalance  is  found  to  vaiy  as  much  as  0.8  degrees  over  a  4  dB  change  in  LO 
power,  while  for  the  Anaren  quadrature  mixer,  the  phase  change  is  only  0.3  degrees.  Once  the 
optimum  operating  LO  power  level  and  the  ambient  temperature  are  stabilized,  the  imbalance 
errors  and  DC  offsets  are  found  to  remain  extremely  stable. 


5.0  COMPENSATION  THROUGH  CALIBRATION 

As  can  be  seen  from  the  results  on  practical  I/Q  demodulators,  the  imbalances  and  DC 
offsets  can  be  small,  if  component  matching  is  used  in  the  design  of  the  I/Q  demodulators.  The 
imbalances  and  DC  offsets  are  very  stable  and  small  over  a  wide  range  of  dynamic  range  and 
frequency.  However,  they  are  susceptible  to  change  if  there  is  a  wide  range  of  temperature 
change. 

Once  the  imbalances  and  DC  offsets,  as  a  function  of  frequency,  are  known,  the  errors 
can  be  eliminated  through  a  calibration.  In  the  simplest  case  where  the  imbalance  errors  and 
DC  offsets  of  the  I/Q  demodulator  over  the  signal  bandwidth  are  approximately  constant,  a 
single  set  of  calibration  values  can  be  applied  to  every  data  point  once  the  approximate 
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frequency  of  the  signal  is  estimated.  If  further  reduction  in  the  systematic  errors  is  required,  a 
more  elaborate  calibration  may  be  needed  as  a  function  of  signal  frequency  and  may  be  even 
the  signal  power.  The  ultimate  acceptable  imbalances  and  DC  offsets  depend  on  the  specific 
application. 

Once  the  imbalances  [R  ,  (0q  -  fa)]  and  DC  offsets  [aj0,  a™]  are  known  through  the 
calibration  procedure,  the  next  step  is  to  compute  the  corrected  phase  function  [j3(t)  +  fa]  of  the 
baseband  signal.  For  this  we  need  expressions  for  a(t)  sin  [(Kt)  +  fa]  and  a(t)  cos[j3(t)  +  fa]. 
Using  both  Eqs.(8)  and  (9),  a(t)  sin  [p(t)  +  fa]  can  be  expressed  in  terms  of  the  measured 
baseband  signals,  and  the  imbalance  errors  and  DC  offsets  as 


a(t)  sin  [IX t)  +  fa]  = 


[Sq(t)  -  aq0]/(  Kq/2  )  -  [S  (t)  -  ai0]/(Ki/2  ) 
•  sin[(0q  -  0i)]l/cos[(0q  -  fa)] 


(21) 


Similarly,  from  Eq.(8),  we  also  have 

a(t)  cos[j3(t)  +  fa]  =  [S  (t)  -  ai0]/(Ki/2) 
1 


(22) 


Dividing  Eq.(21)  by  Eq.(22)  and  taking  the  arctangent  of  the  ratio,  the  phase  function  of  the 
corrected  baseband  signal  is  given  by 


im  +  fa]  =  cuo 


o 

=  tan-1 


[Sq(t)  -  aq0]/R  -  [S  (t)  -  a*]  sin[(0q-0j)]  /  cos[(0q  -  fa)][S(t)  -  aio] 


(23) 


Since  the  corrected  phase  function  of  the  baseband  signal  is  known,  the  corrected 
amplitude  of  the  envelope  is  obtained  by  using  Eq.(8).  Hence 

a(t)  =  2/Kj  [S  (t)  -  aio]/cos[j3(t)  +  fa].  (24) 

1 

A  functional  block  diagram  showing  the  correction  and  computation  procedure  is  given 
in  Fig.  5. 


6.0  SUMMARY  AND  CONCLUSIONS 

In  this  report,  a  simple  DFT  technique  has  been  developed  for  the  characterization  of 
imbalances  and  DC  offsets  of  wideband  I/Q  demodulators  by  using  a  test  signal.  It  has  also 
been  shown  that  the  imbalances  and  DC  offsets  of  wideband  I/Q  demodulators  using 
"  off-the-shelf "  components  can  be  greatly  reduced  and  have  excellent  matching 
characteristics.  This  is  achieved  by  using  the  techniques  of  component  matching  and  through 
the  procedure  of  calibration. 
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Figure  5  Functional  Block  Diagram  of  Compensation  and  Computation 
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The  imbalance  errors  and  DC  offsets  of  wideband  I/Q  demodulators  over  a  large  input 
power  dynamic  range  can  be  made  small.  RMS  amplitude  and  phase  imbalance  errors  of  .017 
and  0.389  degrees  respectively  can  be  achieved  over  an  instantaneous  bandwidth  of  100  MHz 
and  a  dynamic  range  of  24  dB.  The  imbalance  errors  and  DC  offsets  can  be  reduced  further 
by  calibration  as  a  function  of  frequency.  A  number  of  wideband  I/Q  demodulators  have  been 
evaluated  over  input  signal  level,  time  and  temperature  and  their  characteristics  are  also 
reported. 
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